Fish oil has been shown to have anti-inflammatory and anti-cancer effects, and to reduce serum triacylglycerol (TAG) levels by stimulating lipid oxidation and inhibiting lipogenesis in the liver. A small number of studies have demonstrated the synergistic effect of fish oil and other bioactive components. This study examined the effect of fish oil in combination with porcine hemoglobin (Hb) hydrolysates on serum and liver lipid contents in rats. Male Wistar rats were divided into four groups; one group was fed a casein and soybean oil-based semi-purified basal diet and other three groups were fed the basal diet supplemented with 2% fish oil, 0.175% Hb hydrolysates, and 2% fish oil plus 0.175% Hb hydrolysates, respectively, for 4 weeks. The fish oil diet decreased serum and liver TAG contents but did not change serum and liver cholesterol levels. The dietary combination of fish oil and Hb hydrolysates decreased serum and liver TAG and cholesterol contents owing to the additive effect of both compounds, and this diet reduced the serum non-high-density lipoprotein cholesterol content as a result of a synergistic effect. This hypolipidemic effect was in part caused by enhanced excretion of fecal fatty acids, neutral steroids, and acidic steroids. The results of this study suggest that the combined intake of fish oil and Hb hydrolysates may play beneficial roles in the prevention of cardiovascular disease as compared with fish oil alone.
Introduction
Epidemiological studies have suggested that the consumption of seafood can prevent cardiovascular disease (CVD) [1] . In particular, the health benefits of seafood have principally been associated with high intakes of n-3 polyunsaturated fatty acids (PUFAs), eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) [2] . Fish oil contains high levels of EPA and DHA and is sold as a functional food that can promote superior health. Dietary fish oil has been linked to preventing arrhythmia [3] , decreasing triacylglycerol (TAG) by stimulating fatty acid β-oxidation, and inhibiting fatty acid synthesis in the liver [4] . These beneficial effects of n-3 PUFAs involving reduction of TAG and enhancement of anti-inflammation, membrane fluidity, anti-arrhythmic and antithrombotic effects mediated protection against CVD as a result of multifaceted synergistic processes [5] . A previous systematic review of randomized controlled trials demonstrated that dietary n-3 PUFAs decrease serum TAG levels but did not lower serum cholesterol content [6] . Several clinical trials have evaluated whether the combination of n-3 PUFAs and statin, a 3-hydroxy-3-methylglutaryl coenzyme A reductase inhibitor, improved the lipid profile, mainly cholesterol levels, in hyperlipidemic patients [7, 8] . Saify et al. suggested that the combined administration of fish oil and lovastatin (Mevacor ® ) result in a significant reduction in high-density lipoprotein (HDL)-cholesterol content compared with fish oil treatment alone [7] .
Fish oil has also been reported to exhibit a synergistic effect with other bioactive components in food. For example, dietary fish oil with added sesamin enhanced hepatic fatty acid oxidation [9] , conjugated linoleic acid attenuated fatty liver [10] , fucoxanthin suppressed weight gain of white adipose tissue (WAT) [11] , and taurine decreased fat accumulation and ameliorated blood glucose level [12] . Our previous study showed that the simultaneous dietary administration of fish oil and fish protein led to reductions in TAG and cholesterol in serum and the liver, whereas sole intake of fish oil or fish protein decreased only TAG and cholesterol contents, respectively [13] . Dietary protein and its hydrolysates have been found to influence cholesterol metabolism in human and animals subjects [14, 15] . Therefore, it might be expected that fish oil with added a protein or protein hydrolysates could reduce not only TAG contents but also cholesterol contents. In this study, we investigated the effects of a fish oil diet in combination with hemoglobin (Hb) hydrolysates on serum and liver lipids contents of rats. We chose Hb hydrolyastes as the combination component because it demonstrated hypolipidemic effect superior to that of other protein hydrolysates [16] . The results herein demonstrate that functional foods and supplements containing fish oil could be developed with the addition of Hb hydrolysates.
Materials and Methods

Materials
Porcine Hb hydrolysates obtained from ILS Inc. (Ibaraki, Japan). Fish oil (>99.5% triacylglycerol) prepared from Bigeye tuna (Thunnus obesus) was provided by Yashima Shiyoji Co., Ltd (Shizuoka, Japan). The ingredients for the experimental diets were purchased from Oriental Yeast Co. (Tokyo, Japan). All other chemicals were obtained from commercial sources and were of reagent grade.
Analysis of Fish Oil and Hemoglobin Hydrolysates
The composition of fatty acids in soybean oil and fish oil were determined by analysis using a fused silica capillary column, Omegawax 250 (Supelco; Pennsylvania, USA) in a gas-liquid chromatography (GC) system (GC-14B, Shimadzu Co.; Kyoto, Japan) after methylation with sodium methoxide [17] . The injection and detection temperatures were 250˚C and 260˚C, respectively. The initial column temperature of 120˚C was increased to 240˚C at a rate of 2˚C/min. Fatty acid species was identified using the retention time of a fatty acid methyl ester standard solution (Supelco ® 37 Component FAME Mix, SigmaAldrich Japan Co. Ltd.; Tokyo, Japan).
The protein content in casein and Hb hydrolysates was determined the methods of Kjeldahl, with an N-to-protein conversion factor of 6.25. The dietary proteins were hydrolyzed using 6 N HCl at 110˚C for 24 hours. The amino acid composition was determined by reversedphase high-performance liquid chromatography (HPLC) with UV detection after derivatization with phenylisothiocyanate [18] . The identification and quantitation of each amino acid was conducted using commercially available authentic standard mixtures. Iron in Hb hydrolysates was measured using an atomic absorption spectrometer (AA-6300; Shimadzu Co.) The molecular weight (MW) distribution was analyzed by gel permeation HPLC using TSKgel G3000SWXL (7.8 mm I.D. × 30 cm column, Tosoh Co., Tokyo, Japan) with UV detection (UV-8020 spectrophotometer, Tosoh Co.).
Animal Experiments
The experimental protocol was reviewed and approved by the Animal Ethics Committee of Kansai Medical University and followed the "Guide for the Care and Use of Experimental Animals" issued by the Prime Minister's Office of Japan. Male 5-week-old Wistar rats (Shimizu Laboratory Supplies Co., Ltd.; Kyoto, Japan) were kept in an air-conditioned room (temperature, 21˚C -22˚C; humidity, 55% -65%; lights on, 08:00-20:00), with free access to tap water and feed. Twenty-eight rats were divided into four dietary groups of seven rats each. One group was fed a casein and soybean oil-based semi-purified basal diet (AIN93G [Control] diet [19] ) and the other three groups were fed the basal diet supplemented with 2% fish oil (FO group), 0.175% Hb hydrolysates (HbH group), or 2% fish oil plus 0.175% Hb hydrolysates (FO × HbH group) for 4 weeks. Table 1 shows the composition of the experimental diets prepared based on the AIN93G formulation [19] . The basal diet excluded iron citrate from the AIN93G diet; therefore, the iron content of the experimental diets was adjusted to 35 mg/kg by supplemented with iron as iron citrate (Control and FO diets) or hemoglobin hydrolysates (HbH and FO × HbH diets). At the end of the feeding periods, rats were weighed and sacrificed under pentobarbital (Nembutal ® , Dainippon Sumitomo Pharma Co., Ltd.; Osaka, Japan) anesthesia. Blood was collected from the abdominal aorta, and liver, small intestine, cecum, and abdominal WAT from the epididymis, mesentery, perinephria, and retroperitoneum were removed rapidly, weighed, rinsed with saline, and then frozen in liquid nitrogen, followed by storage at −80˚C until analysis. Serum was obtained by centrifugation at 2000 × g for 15 min and subjected to serum biochemical tests. Feces were collected from each group every 24 hours for 7 days before being sacrificed, dried to a constant weight, and ground to a fine powder using a mill. (PL), HDL-cholesterol, and non-HDL-cholesterol contents were measured in triplicate using an Olympus AU5431 automatic analyzer with AU regent (Beckman Coulter Inc.; California, USA).
Liver lipids were extracted in accordance with the method of Bligh and Dyer [20] . Liver PL content was measured by phosphorus analysis [21] . Liver TAG content was determined using an enzymatic assay kit (Triglyceride-E-Test Wako, Wako Pure Chemical Industries, Ltd.; Osaka, Japan). Liver cholesterol content was analyzed by GC using an SE-30 column (Shinwa Chemical Industries Ltd., Kyoto, Japan), with 5α-cholestane as an internal standard.
Fecal fatty acids content was determined by the method of Van de Kamer et al. [22] . Fecal neutral steroids, i.e. the sum of cholesterol and coprostanol, content was determined by GC as described above, and fecal acidic steroids content was determined as µmoles 3α-hydroxysteroid based on the molar extinction coefficient of NADH at 340 nm [23] .
Statistical Analysis
Data are expressed as means ± standard error of mean (SEM). To determine the effects of dietary fatty acids and protein, data were analyzed using a two-way analysis of variance (ANOVA), and statistical comparisons in each group were made using Tukey-Kramer test; these were performed using StatView-J version 5.0 software (Abacus Concept, California, USA). Differences were considered significant at p < 0.05. Table 2 shows the fatty acid composition of soybean oil and fish oil. Fish oil had abundant n-3 PUFAs, such as EPA (8.4%) and DHA (30.0%), but the ratio of linoleic acid was low. Table 3 shows the amino acid composition of casein and Hb hydrolysates. In Hb hydrolysates, arginine, aspartic acid, glycine, histidine, leucine, and valine levels were high, whereas alanine, glutamic acid, and lysine levels were low compared with casein. Analysis of the MW of casein detected mostly bands at approximately 30 kDa, whereas the MW of Hb hydrolysates was <3 kDa (data not shown). Table 4 shows the growth parameters and relative organ weights. No influence on growth parameters was observed in FO and HbH groups. Rats fed on diets containing Hb hydrolysates showed higher relative small intestine weights (p = 0.021), but the fatty acid composition was not affected. In addition, dietary Hb hydrolysates decreased relative epididymal WAT weight compared with dietary casein alone. There were no significant differences in the relative weights of liver, cecum, mesentery WAT, perirenal and retroperitoneal WAT, and total WAT among the groups. Table 5 shows the results of serum biochemical tests and liver lipids contents. AST levels were decreased in the HbH group compared with in the Control group. There were no differences the serum ALT levels among the groups. Previous studies suggested that fish oil and Hb hydrolysates affected serum and liver lipid contents in animal experiments [4, 5, 16] . In this study, the FO group, compared with the Control group, had decreased serum PL, TAG, liver TAG contents, but serum and liver cholesterol contents were not affected. In addition, the HbH group had lower serum and liver TAG and cholesterol contents than the Control group. Surprisingly, the combination of fish oil and Hb hydrolysates decreased serum and liver cholesterol contents, which was not found in the FO group. Serum and liver TAG contents were not altered in the FO × HbH group. The combination of fish oil and Hb hydrolysates did not have a synergistic effect, but instead it had independent effects on serum and liver cholesterol contents. Wergedahl et al. reported that the combination of fish oil and fish protein hydrolysates (100 g/kg diet) prepared from Salmon reduced plasma cholesterol contents, mainly by a reduction in HDL-cholesterol, whereas the liver cholesterol content was higher than rats fed diets containing fish oil and fish protein hydrolysates alone [24]. Hosomi et al. demonstrated that a diet containing fish oil supplemented with fish protein (100 g/kg diet) obtained from Alaska Pollock decreased serum and liver cholesterol contents compared with diets containing fish oil or fish protein alone [13] . In this study, the effects of decreased serum and liver cholesterol contents were documented with the FO diet supplemented with 1.75 g/kg Hb hydrolysates, but the effect was lower than that in other studies [13, 24] . Therefore, Hb hydrolysates are an optimal food material that can be added to the hypocholesterolemic effect produced by fish oil.
Results and Discussion
Previous reports suggested that dietary fish oil decreases serum TAG and increases serum low-density lipoprotein (LDL)-cholesterol contents, but it did not lower serum total cholesterol [6] . The FO diet did not influence serum cholesterol, HDL-cholesterol, or non-HDL-cholesterol contents compared with the Control diet. The FO × HbH diet, compared with the Control diet, decreased serum HDL-cholesterol owing to the additive effect of both compounds, but not as a result of any synergistic effect. The non-HDL-cholesterol content in the FO × HbH group was significantly lower than that in the other three groups. Blood LDL-cholesterol content is a primary target of lipid-lowering therapy in hyperlipidemic patients [25] . However, blood non-HDL-cholesterol content may be a more relevant target for lipidlowering therapy because it contains all the lipids and lipoproteins such as LDL-cholesterol, intermediate-density lipoprotein, and very-low-density lipoprotein [26] . Indeed, previous meta-analyses have demonstrated that non-HDL-cholesterol content is a better predictor than LDL-cholesterol for future CVD risk [27, 28] . In this study, the dietary combination of fish oil and Hb hydrolysates reduced serum non-HDL-cholesterol content, and, therefore, might beneficially affect the course of CVD. However, because rats have high amounts of circulating HDL particles and small amounts of circulating non-HDL particles, these findings did not contribute much to the non-HDL-cholesterol lowering effect of the FO × HbH diet, but the results could be of importance from a health benefit perspective.
Two major mechanisms have been proposed to explain the decreases in lipid contents in serum and liver that are associated with dietary oil and protein. One is an endogenous change in lipid metabolism, which is maintained through a balance of excretion, biosynthesis, storage, catabolism, and uptake; the other is an exogenous Data represent means ± SEM (n = 7).
*
Total WAT represents the sum of WAT weights from the epididymis, mesentery, perinephria, and retroperitoneum. BW, body weight; F, fatty acid; FO, fish oil; HbH, Hb hydrolysates; P, protein; SEM, standard error of the mean; WAT, white adipose tissue. Table 5 . Serum biochemical tests and liver lipids contents of rats fed experimental diets for 4 weeks. Data represent means ± SEM (n = 7). Means in the same row not sharing a common superscript letter differ significantly (p < 0.05). ALT, alanine aminotransferase; AST, aspartate aminotransferase, F, fatty acid; FO, fish oil; HbH, Hb hydrolysates; HDL, high-density lipoprotein; P, protein; PL, phospholipid; SEM, standard error of the mean; TAG, triacylglycerol. increase in the excretion of fatty acid and steroids, including neutral and acidic [29] . In first mechanism, many researchers have already suggested that fish oil enhances fatty acid β-oxidation, suppresses fatty acid synthesis, and stimulates the thermogenic activity in brown adipose tissue [30, 31] . However, few studies have evaluated the effect of dietary fish oil on fecal lipid excretion. To examine the effect of dietary fish oil and Hb hydrolysates on exogenous changes, this study evaluated the excretion of fecal fatty acids, neutral steroids, and acidic steroids. Table 6 shows the fecal weight and lipids contents. Fecal dry weight in the FO group was significantly lower than that in the other groups. The FO × HbH diet enhanced the excretion of fecal fatty acids compared with the Control and FO diets, mainly owing to presence of Hb hydrolysates (p < 0.001). Serum and liver TAG contents in rats fed diets containing Hb hydrolyasates could be attributable to the enhancement of fatty acid excretion in feces. In addition, dietary fish oil did not alter the excretion of fecal fatty acids, so the reduction in serum and liver TAG by fish oil might enhance endogenous fatty acid oxidation, as described in previous reports [30] . Fecal output of neutral steroids (cholesterol and coprostanol) was significantly higher in the FO group than in all other groups. Excretion of fecal acidic steroids was associated with dietary fish oil and Hb hydrolysates (p < 0.001 and p < 0.001, respectively), and specifically Hb hydrolysates-containing diets (HbH and FO × HbH) had more strongly increased excretion of fecal acidic steroids compared with the fish oil-containing diet. The FO, HbH, and FO × HbH diets enhanced excretion of fecal total steroids (neutral and acidic steroids) compared with the Control diet. Nagata et al. found that the degree of serum cholesterol content lowering depended on the extent fecal steroids excretion [32] . In this study, total steroids in feces were higher in rats fed the FO diet than in rats fed on the Control diet; however, the FO group did not exhibit alterations in serum and liver cholesterol contents. This cause is not understood at present. Cholesterol 7α-hydroxylase, the rate-limiting enzyme in the conversion of cholesterol to bile acids, is mainly regulated by the feedback inhibition by reabsorbed bile acids [33] . The combination of fish oil and Hb hydrolysates strongly affected the excretion of fecal acidic steroids, and thus could be reduce serum and liver cholesterol contents.
Conclusion
The important finding in this study was that the fish oil diet decreased serum and liver TAG contents, while the combination of fish oil and Hb hydrolysates decreased serum TAG, cholesterol, and non-HDL-cholesterol contents in part owing to enhanced excretion of acidic steroids. The results show that the dietary combination fish oil and Hb hydrolysates may have beneficial effects on the reduction of CVD risk as compared with a diet containing fish oil alone.
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